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Abstract 
Ocean thermal energy conversion has gained focus generating stable electric power while providing additional benefit. By some 
research, it is shown that using a double-stage Rankine cycle is theoretically more efficient than a single-stage Rankine cycle. 
Moreover, several studies have been made on the experimental study of a double-stage Rankine cycle. But the comparison of 
theoretical result with experimental result has never been studied so far. In this research, it was demonstrated a double-stage 
Rankine cycle experimental plant, and attempted to compare experimental result with theoretical result. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the 6th BSME International Conference on Thermal Engineering 
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1. Introduction 
In recent years, renewable energy is refocused because global warming and energy problems have received more 
attention. There are various kinds in renewable energy. One of them is Ocean thermal energy conversion called OTEC. 
OTEC plant is basically a heat engine that utilizes the temperature difference between the warm surface water and 
deep cold seawater to drive a turbine to produce electricity, using the principles of a Rankine cycle (Figure.1 (a)). 
OTEC systems could be provided that not only a stable source of electricity, but also produces desalinated fresh water, 
cooling for aquaculture. Also, an enormous amount of this potential energy is stored in the Earth’s oceans. Compared 
to fossil fuels and nuclear energy generation, OTEC has a low energy density and a low temperature difference. With 
present designs operating only 3-4% efficiency, OTEC systems must be improved before they can be considered to be 
a practical form of energy generation. 
In order to improve the heat efficiency of OTEC systems, an ammonia/water mixture, as suggested by Kalina, can 
be used [1]. Using ammonia/water mixture decreases the irreversible losses in the heat exchange process and improves 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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overall performance. However, Panchal have reported that the mixture lowers the heat transfer coefficient and usable 
temperature difference due to the change in the concentration boundary layer [2].  
Therefore, using a multi-stage Rankine cycle is gathering attention as one of the methods to minimize the 
irreversible losses in the heat exchange process. Multi-stage Rankine cycle has plural independent Rankine cycles. 
The heat source passes each heat exchanger sequentially. Multi-stage Rankine cycle is used pure medium as working 
fluid (Ammonia, Freon). 
This research focuses on the results using a double-stage Rankine cycle (D-R). Fig.1 (b) shows the process flow 
diagram for the double-stage Rankine cycle. It is broken down into two independent Rankine cycles identified as 
Cycle-Nop.1 (High temperature) and Cycle-No.2 (Low temperature). Warm water is passes evaporator of Cycle-No.1 
and is flowed directly to the evaporator of Cycle-No.2. Similarly, cold water is passes through the condenser of Cycle-
No.2 and is flowed directly to the condenser of Cycle-No.1. 
It is evident from the research of Morisaki and Ikegami [3, 4] that the theoretical efficiency of a multi-stage Rankine 
cycle improves upon a single-stage Rankine cycle (S-R), and maximum power output of a multi-stage cycle is expected 
to rise by up to double compared to a single-stage cycle [5]. Moreover, several studies have been made on the 
theoretical study of a double-stage Rankine cycle. Single-stage OTEC systems and the mixture cycle were already 
examined theoretically and experimentally before [6-9]. In the case of a double-stage Rankine cycle, it has been 
reported that the operation conditions affect the system characteristics and performance.  
On the other hand, the comparison of theoretical result with experimental result has never been studied so far. In 
this research, it was demonstrated a double-stage Rankine cycle experimental plant, and attempted to compare the 
experimental results with the theoretical results.  
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Fig. 1. (a) Single-stage Rankine cycle flow; (b) Double-stage Rankine cycle flow. 
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2. Experimental equipment  
2.1. Heat exchanger 
The evaporator and condenser used by two units each because total heat transfer area of a double-stage Rankine 
cycle and a single-stage Rankine cycle was equal. There are valves in the duct of each heat exchanger. The valve can 
choose heat exchanger to use. Therefore, it can change the number of stage of Rankine cycle. The form of heat transfer 
surface in evaporator and condenser is herringbone pattern. High temperature fluid and low temperature fluid were 
alternately rolled by countercurrent in the duct between each plate, then heat exchanger is performed.  
2.2. Heat source pump 
Water which heated in boiler or cooled in refrigerator was used as heat source in this experiment. Because the 
influence of pollution films such as heat exchangers were excluded. The flow rate of heat source was regulated by 
controlling the warm and cold water pump with inverter each. 
2.3. Measuring instrument 
The volume flow of heat source was measured by electromagnetic flowmeter, and mass flow rate with the liquid 
phase of working fluid was measured by Coriolis flowmeter. The experimental data such as temperature, pressure, the 
flow rate are imported to process computer. At the same time, the measuring date can be displayed to process computer. 
Displayed all data to screen were updated automatically 
3. Experimental methods 
Using experimental equipment in this research is shown in Figure.2. Table.1 show experimental conditions in this 
research. Tetrafluoroethane (HFC-134a) was selected as the working fluid. Water which heated in boiler or cooled in 
refrigerator was used as heat source. The working fluid flow rate distribution ratio in Cycle-No.1 and Cycle-No.2 was 
changed 3:7 ~ 7:3. Then the total working fluid flow is constant. Measurements were taken for a 5-min period after 
the system had stabilized. To simulate a turbine, a pressure-reducing valve was used, meaning the power output and 
thermal efficiency were not measured. Instead, the temperature of the cold and warm water sources and the working 
fluid was measured. The irreversible losses in the heat exchange process were assessed by calculating the entropy 
generation rate of the system. The influence of the irreversible losses in heat exchange process on the working fluid 
flow rate distribution ratio is examined. The formula for the entropy generation rate [6] is shown below.  
   gen H in out L in outH LS m S S m S S       (1) 
The value mH represents the flow rate of the warm source, also mL represents the flow rate of the cold source. The 
values Sin and Sout represent the specific entropy at the input and output, respectively.  
 
Table 1. Experimental conditions. 
 
 
 
 
 
 
 
 
 
Item Sign Unit Value 
Warm water temperature TWSI [ºC] 28 
Cold water temperature TCSI [ºC] 7 
Warm water flow rate mWS [kg/h] 500 
Cold water flow rate mCS [kg/h] 500 
Working fluid flow rate mWF [kg/h] 100 
Heat transfer area A [m2] 0.064 
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Fig. 2. (a) Experimental equipment used; (b) Schematic diagram of a double-stage Rankine cycle 
4. Results 
4.1. Theoretical calculation results 
Figures 3 and 4 show theoretical calculation result. Theoretical calculation method is derived by Morisaki and 
Ikegami [3, 4]. Figure.3 shows the entropy generation rate with the working fluid flow rate distribution ratio in Cycle-
No.1 with Cycle-No.2. The dashed line shows the entropy generation rate of the evaporator in Cycle-No.1, SgenE,1 ; the 
two dot chain line shows the entropy generation rate of the evaporator in Cycle-No.2, SgenE,2 ; the dotted line shows 
the sum of the entropy generation rate of evaporator between Cycle-No.1 and Cycle-No.2, SgenE ; and the solid line 
shows the sum of the entropy generation rate between the evaporator and the condenser, Sgen . The entropy generation 
rate of the evaporator in Cycle-No.1 increased with an increase the working fluid flow rate distribution ratio and the 
entropy generation rate of evaporator in Cycle-No.2 decreased. Therefore, the sum of the entropy generation rate in 
evaporator between Cycle-No.1 and Cycle-No.2 was minimized when working flow rate distribution ratio of Cycle-
No.1 with Cycle-No.2 was 1:1. As a result, the sum of the entropy generation rate between the evaporator and the 
condenser was minimized when working flow rate distribution ratio of Cycle-No.1 with Cycle-No.2 was 1:1. 
Figure 4 shows the power output and the thermal efficiency of cycle with the working fluid flow rate distribution 
ratio in Cycle-No.1 with Cycle-No.2. The solid line shows the power output, W; the dotted line shows the thermal 
efficiency of cycle, ηth. It shows that the power output and the thermal efficiency of cycle were the greatest when 
working flow rate distribution ratio of Cycle-No.1 with Cycle-No.2 was 1:1. In other words, it indicates that the 
entropy generation rate is minimized and the power output and the thermal efficiency of cycle is peak when working 
flow rate distribution ratio of Cycle-No.1 with Cycle-No.2 is 1:1 in theory. 
4.2. Experimental results 
Figures 5-7 show the experimental results. Figure.5 shows the change in the evaporation and condensation 
temperatures with the working fluid flow rate distribution ratio in Cycle-No.1 with Cycle-No.2. The solid line shows 
the evaporation and condensation temperatures of the double-stage Rankine cycle, the two dot chain line shows the 
evaporation temperature of the single-stage Rankine cycle and the dashed line shows the condensation temperature of 
the single-stage Rankine cycle. It shows that the evaporation temperature of the double-stage Rankine cycle is larger 
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than that of the single-stage Rankine cycle. Also, the condensation temperature of the double-stage Rankine cycle is 
smaller than that of a single-stage Rankine cycle. Therefore, using temperature difference in the working fluid flow 
of the double-stage Rankine cycle is larger than the single-stage Rankine cycle. 
Figure 6 shows the change in temperature with the entropy ratio of Cycle-No.1 and Cycle-No.2 when working fluid 
flow rate distribution ratio is 1:1. The T-s diagram clearly shows that the evaporation and condensation temperatures 
in the working fluid of a double-stage Rankine cycle are closer to the heat source temperatures than the single-stage 
Rankine cycle. Therefore, the irreversible losses in heat exchange process of the double-stage Rankine cycle are less 
than that of the single-stage Rankine cycle. Also, using temperature difference in the working fluid of the double-
stage Rankine cycle is larger than that of the single-stage Rankine cycle. The area of square in working fluid flow 
means the power output in the T-s diagram. Therefore, it can be expected that the double-stage Rankine cycle generates 
a greater power output than the single-stage Rankine cycle. 
Figure 7 shows the entropy generation rate with the working fluid flow rate distribution ratio in Cycle-No.1 with 
Cycle-No.2. The entropy generation rate of a double-stage Rankine cycle is minimized when working flow rate 
distribution ratio of Cycle-No.1 with Cycle-No.2 is 1:1. Also, entropy generation rate of a double-stage Rankine cycle 
is less than that of a single-stage Rankine cycle. As a result, the optimum operating condition of working fluid flow 
rate ratio between Cycle-No.1 and Cycle-No.2 is 1:1. On the other hand, the variation of experimental entropy 
generation rate is small, in comparison with theoretical result. The quality was defined by experimental result, but 
theoretical result didn’t defined it. As a result, it was considered that the experimental vapour flow rate is less than 
theoretical result.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Entropy generation rate in evaporator(CAL).       Fig. 4. Power output and the thermal efficiency of cycle (CAL)                     
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.Evaporation and condensation temperatures.                                                  Fig. 6. Conceptual T-s’ diagram (1:1). 
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Fig. 7. Entropy generation rate (EXP). 
5. CONCLUSION 
In this research, it was demonstrated the experimental plant of double-stage Rankine cycle, and compared 
experimental result with theoretical result. The variation of experimental entropy generation rate is small, in 
comparison with theoretical result. The quality was defined by experimental result, but theoretical result wasn’t 
defined it. As a result, it was considered that the experimental vapour flow rate is less than theoretical result. 
It was clarified that the entropy generation rate of a double-stage Rankine cycle was minimized when working fluid 
flow rate distribution ratio of Cycle-No.1 and Cycle-No.2 is 1:1. Then, entropy generation rate of a double-stage 
Rankine cycle was less than the single-stage Rankine cycle. Also, the using temperature difference in the working 
fluid of the double-stage Rankine cycle was larger than those of a single-stage Rankine cycle. Therefore, it could be 
expected that a double-stage Rankine cycle generates a greater output than a single-stage Rankine cycle 
experimentally. 
By this experiment, to simulate a turbine, a pressure-reducing valve was used, meaning the power output and 
thermal efficiency were not measured. After this, to make an experiment mounting turbine and to consider system 
characteristic. 
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